Medaka is a model organism in medicine, genetics and developmental biology research and in 21 population genetics studies, and lab stocks composed of more than 100 local wild populations 22
Introduction
Although genetic diversity based on autosomes should be indispensable to the medaka GWAS, 90 it remains extremely limited. 91
The lack of autosomal information increases the difficulty of recognizing the cryptic 92 population structure (i.e., the population structure inferred from the geographical distribution 93
is not necessarily consistent with the genetic information) because the possibility of a false 94 positive/negative caused by unintended sampling bias is increased (Brachi et al. 2011 ). In 95 this study, we comprehensively performed a population genetic analysis based on autosomal 96 single nucleotide polymorphisms (SNPs) using maintained wild lab stocks that include 81 97 local populations. We sampled one individual from each population to estimate the 98 population structure and history. Additionally, we captured 12 wild individuals from the 99 northern part of Kyushu Island, where the medakas currently distributed throughout number of mismatches when building the catalog (-n), 1. In the 'rx' step of Stacks, we used 168 the bounded SNP model set to 0.1, the e upper bound set to 0.1 and the log likelihood set to 169 10. Following this pipeline, five datasets were constructed using the population program in 170
Stacks. 171
The first is the "PopStat" dataset, which was generated using the "-p 5 -r 0.66" 172 options and geographical grouping (N.JPN, Tajima-Tango, S.JPN, E.KOR, W.KOR; see also 173
fig. 1) to calculate the population genetic statistics (table 1) using the loci shared across all 174 groups and sequenced in one or more populations in each group. 175
The second is the "Global" dataset, which was generated using the "-p 58 -r 1.00" 176 option and without the geographical grouping to examine a phylogenetic relationship between 177 the geographic populations and population structure within the species. 178
The third and the fourth are the "HZ-1" and "HZ-2" datasets, respectively, including 179 the 15 boundary populations (N.JPN: Kaga, Maiduru, Miyadu, Obama, and Sabae; 180
These samples were used to estimate the time of Honshu's population divergence from 189
Kyushu to infer the timing of the "Out of Northern Kyushu" event (Katsumura et al. 2009). 190 Note that we define the term "deme samples" and "non-deme samples" as "samples 191 from the local-wild population" and "samples from the wild lab stocks", respectively (see 192 details in Katsumura et al. 2009). 193 Against those datasets (except "PopStat" and "HZ-1"), the SNPs with strong linkage 194 disequilibrium were randomly removed, one from each pair of SNPs with r 2 > 0.2, using 195
Plink1.9 (Chang et al. 2015) and the "--indep-pairwise 12.5 5 0.2 --autosome-num 24" option. 196
These values were set based on a medaka population genomics study (Spivakov et al. 2014). 197 Finally, "Global", "HZ-2" and "Local" datasets contained 8,361 SNPs out of 13,177 SNPs, Reconstructing the phylogenetic tree using the maximum likelihood method 215
We chose an individual as representative of a population and generated the individual 216 sequences using the population program with the "-p 58 -r 1.00 --phylip_all" option in the 217 The prior distribution of each parameter is presented in table 2, and the 1% 262 simulated datasets closest to the observed dataset were used to estimate the posterior 263 parameter distributions. We evaluated the accuracy of the demographic parameter 264 estimation by calculating accuracy indicators (Bias and mean square error option) in DIYABC 265 and accepted the parameters that were non-scaled and scaled by the mean effective population 266 size for the HZ-2 and Local datasets, respectively. Using the infinite-sites model in the 267
Wright-Fisher populations of a constant size, a rough value of N e was estimated using the 268 relationship π = 4N e µ (Tajima 1983), where π is genome-wide nucleotide diversity and µ is 269 the mutation rate per site per generation (Osada 2015) . We calculated N e using the above Shuzo Co.) using the following protocol: an initial denaturing step at 95°C for 2 min, 40 290 cycles of denaturation at 95°C for 30 sec, annealing at 60°C for 30 sec, extension at 72°C for 291 300 sec, and a final extension step at 72°C for 5 min. The PCR products were diluted 20 292 fold and used as templates in the sequencing reaction (following the commercial protocol) 293 indicating that the individuals in each group were genetically divergent from each other. 320 W.KOR showed the highest nucleotide diversity (0.0053 +/-0.0003) in East Asia, and S.JPN 321 showed the highest nucleotide diversity (0.0036 +/-0.0001) in the Japanese archipelago (table 322 1). 323 324
Genetic relationship based on autosomal SNPs indicating medaka dispersal history 325
To clarify the genetic relationship of medaka populations, we performed a PCA using the 326 The medakas in the Japanese archipelago were divided into two major clusters. One fig. 4 . We found 1,380 out of 4,661 SNPs that were common 387 alleles between two of the three groups ( fig. 4 ). Regarding those alleles, the majority were 388 the common alleles between Tajima-Tango and N.JPN at 81.4%, which was a much higher 389 frequency than that between Tajima-Tango and S.JPN (11.2%). The remainder were the 390 common alleles between N.JPN and S.JPN (7.5%), i.e., specific alleles in The proportions are nearly consistent with the previous study based on 96 To investigate the mitochondria introgression in boundary populations, we 397 reconstructed the phylogenetic tree based on partial mtDNA sequences generated by mapping 398 short reads from the GBS of the complete mitochondrial genome (supplementary fig. 4 ). 
Inferring medaka demographic parameters 412
To infer the demographic parameters, effective population size (N e ), time (T), and proportion 413 of the admix (r), we analyzed the "HZ-2" dataset based on the coalescent theory using an 414
Approximate Bayesian Computation (ABC) framework. We performed the model selection 415
to identify the best explanation scenario for the observed data from the four scenarios ( fig.  416 5a). 417 DIYABC has two different approaches (directional and logistic) for model selection. RMeanAD, and RRMSE in the DIYABC output) indicated that non-scaled parameters fit the 428 observed data better than scaled parameters Additionally, although we inferred the time to 429 the most common ancestor at three divergence events ( fig. 5 ), these times might be 430 overestimated because the dataset for this estimation consisted of non-deme samples, i.e., 431 polymorphisms within populations were underestimated and the random-mating assumption 432 could not be satisfied. Therefore, we estimated the timing of the Out of Northern Kyushu 433 event using the "Local" dataset composed of the two deme samples (S.Saga and N.Saga), 434
which were split at first on the S.JPN lineage ( fig. 3 ). Based on a simple hypothesis, constant population size and no migration, we gained the estimated time (510,000 years ago, 436 95% CI: 337,875-679,575) for the ancestral divergence of the two deme samples (table 2 and  437 fig. 5e), which was calculated from a scaled parameter by the mean effective population size 438 because various accuracy measures indicated that scaled parameters fit the observed data 439 better than non-scaled parameters. Thus, our population genetic estimate using ABC 440 suggests that medakas diverged and dispersed throughout Pacific-side Japan at approximately 441 510 kyr ago. 442 Discussion 443
Genetic diversity and structure based on genome-wide single nucleotide polymorphisms 444
The previous study showed that N.JPN and S.JPN could be divided into three and twelve 445 subgroups, respectively, according to the mitochondrial DNA analysis (Takehana et al. 2003) . 446
In this study, based on autosomal SNPs, the genetic clustering analysis showed that "K = 4" 447 was the most supportive because it presented the lowest fivefold cross-validation error, 448 suggesting that N.JPN and S.JPN were divided into three ancestral clusters. When the K 449 values increased, only S.JPN divided into more subgroups, which suggests that the S.JPN 450 group was composed of more divergent groups than the other groups. S.JPN can be divided 451 into finer subgroups based on the mitochondrial genome, which is likely because the effective 452 population size of mtDNA is one quarter that of a nuclear gene. Although this result does 453 not indicate that the autosomal genome has been less differentiated, it does suggest that the 454 autosomal genome in each population shares a common ancestor. 455
The medaka mtDNA tree shows that the intermingled branch pattern is not 456 associated with geographic distance. This pattern is similar to that based on allozyme data used for a GWAS should be examined based on many genomic regions with recombination. 520
Although our medaka SNP data are few compared with the amount of available human SNP 521 data, these data provide a baseline genetic diversity estimate for the detection of fine-scale 522 population structures and reconstruction of the population history compared with the 523 mitochondrial genome. With regard to the GWAS with the medaka population (medaka 524 GWAS), this study can be useful for identifying a relationship between the phenotypic pattern 525 and population structure and planning a sampling strategy to avoid false positives/negatives. 526
The explanatory rate for observed SNP traits is low in many cases in the human GWAS, 527
whereas with model organisms, particularly plants, GWAS results have often explained a 528 much greater proportion of the phenotypic variation (Yan Li et al. 2010 ). Therefore, the 529 assumption holds true for such organisms that common genetic variation explains common 530 phenotypic variation. Therefore, many adaptive traits and related genes should be identified 531 via the medaka GWAS while considering the population structure. In addition, cutting-edge 532 techniques for genome editing, such as CRISPR/cas9 (Kirchmaier et al. 2015) , and resource 533 management systems, such as NBRP medaka (URL: https://shigen.nig.ac.jp/medaka/) have 534 been established. Whole genome analyses of inbred lines and some wild-captured medakas 535 have already been performed. If autosomal information can be accumulated for wild lab 536 stocks, medakas may become the only model animal used for the systematic performance of 537 GWASs, which is similar to the scenario of Arabidopsis for plant GWASs. Thus, medakas 538 have the potential for use as a highly sensitive tool for unraveling the molecular mechanism 539 of phenotypic variations and the adaptive significance of genetic polymorphisms in a 540 population, providing a useful key for understanding the evolution of phenotypic Table 1 Summary genetic statistics for five populations using "PopStat" dataset. These statistics include the mean number of individuals genotyped at each locus (*1), the number of variable sites in five populations (Variants), the number of polymorphic sites in each population (Polymorphic) and the number of variable sites unique to each population (Private). The number in parenthesis is Standard Error. Table 2 Demographic parameters estimated by DIYABC under three scenarios. Performance of each estimation was evaluated by RRMISE (the square Root of the Relative Mean Integrated Square Error), RMeanAD (the Relative Mean Absolute Deviation) and RRMSE (the square Root of teh Relative Mean Square Error), which are output from DIYABC option "Compute bias and mean square error." The numbers with or without parentheses in the culunms "Performances for estimating posterior distributions of parameters" are those of the statistics computed from the prior or posterior distribution of parameters, respectively. 
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